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In this thesis, Analysis of recording quality of brain signals, fundamental study and development of neural 
probe with ion sensor is subject. To solve these subjects，出e followi時 problemshave to resolve. 
1. Analysis of recording quality ofbrain signals 
• Fractures ofthe Si probe d町ing insertion 
・ Defonnationofthe Si probe d町ing/a食erinsertion 
• Recording signal fluctuation over time a食er insertion 
• Unable recording neuronal action potentials in some c節目
2. Fundamental study and development of ne町al probe with ion sensor 
. The Si neural probe with chemical sensors has not yet been fabricated. 
• For very high sensitivity in vivo 
• For mu1ti sensing in vivo 
• Small size 
Chapter 2 Overview of neural probes 
Review of Si neural probe, it presents 出at advantages and disadvantages of neural probe using various 
materials 出at are glass, pol戸田r， metal and semiconductor. Neuronal action potential was measured using a 
neural probe in brain for the frst time is the 1950s. Half of cen旬ry， various types of neural probes have been 
developed. To receive the r叫uest of easily achieved miniaturization of size and high density of record site, the 
semiconductor materials fabricated several neural probes. It compares that advantages and disadvantages of 
neural probes using various materials that are glass, polymeに metal and semiconductor. 
1 examined various neural probes and compared function. 1 selected the Si neural probe out of many neural 
probes, for Si neural probe has 出e function of the mu1ti recording, chemical sensor mount possibility, and optical 
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stimulation with optical wave-guide. 
Therefore, we have proposed the intel1igent Si neural probe system that was based on the Si neural probes. In 
this system，凶1 chips such as amplifiers (AMPs) which amplifシ the signal of the recorded action potentials in 
the brain, AID conv倒的 (ADCs) which are used to reduce wires between implanted unit and extemal unit, and 
multiplexers (MUXs) are integrated on a Si neural probe. Once the system is irnplanted in the brain, we c叩
simultaneously record electrical signals and chemical da旬 from the animal brain. Moreover, drugs may be 
injected into brain using a microfluidic channel and the neurons may be optical1y stimulated through an optical 
waveguide. The authors have proposed 白e implantable intel1igent Si neural probe system. In the next chapter, 1 
fabricated 仕le novel Si double-sided neural probe with norrnal tip and sharpened tip, which can be used at 
platforrn ofthe intelligent Si neural probe system. 
The intel1igent Si neural probe system is a versatile tool ωpromote both neurophysiological research and 
development of the Brain-Machine Interface (BMI) devices. However, it is not yet researched the field of study 
of intelligent Si neural probe system. One is Si neural probe's characteristic during insertionlafter insertion and 
otheris 由e Si neural probe with chemical sensor. Next chapter presents the solution ofthe problems. 
Chapter 3 Analysis of recording quality of brain signal 
Analysis of recording quality of brain signal, it presents the fabricated Si neural probes with norrnal and 
sharpened tip shapes investigated mechanical properties during insertion and analyze the deforrnation of the 
brain around Si neural probe. 
1 have fabricated various types of Si neural probes for in vivo and in vitro neuronal signal recordings by 
combining standard photolithography with bulk micromachining process. In order to place the probe tip at target 
areas in the brain precisely, mechanical properties of the Si neural pr油田 with various tip sh叩回 and brain 
phantom with micro motion were carefully investigated under di宜erent insertion conditions to brain phantoms. 
As results, the minimum length and pene回.tion force of the Si neural probe were determined 企om conditions 
where 仕le Si neural probe began to penetrate the surface of brain phanωm. In other to control buckling of Si 
neural probe, it is required to optimize insertion rate in accordance with conditions of the Si neural probe. 
Although insertion forces ofthe Si neural probe with sharpened tip were smaller than those ofthe Si neural probe 
with normal tip, the effect of the probe tip shape became small with increased insertion speeds. 
In addition，出 result of the brain phantom's motion analysis, tip shape of Si neural probe is irnportant 
characteristic of the neural record systems in in vivo with micro motion. 1 evaluated mechanical characteristics of 
白e fabricated Si neural probe. It was indicated that the Si neural probe w出 adequately flexible and sufficiently 
紺ong under buckling and bending conditions caused by static mechanical s仕.esses. However, there are several 
issues to be solved for practical use of the Si neural probe, e.g. the buckling and frac加re of the Si neural probe 
during insertion and after insertion, and recording fluctuations of the neuronal action potentials by the tirne. It is 
stil unclear how a deforrnation of 白e Si neural probe will occur under various insertion speeds and shift 
distan，ω. In this 由自is， in order to clari命 deforrnation behaviors of the Si neural probe in detail, 1 fabricated the 
Si neural probes with normal and sharpened tip shapes and investigated mechanical properties during insertion. 
Therefor following problems has been to solved 
• Fractures of the Si probe during insertion 
• Deforrnation of血e Si probe during/after insertion 
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• Recording signal fluctuation over time after insertion 
• Unable recording neuronal action potentials in some c出es
At 也is chapter, the solutions of these problems are presented. Various types of Si neural probes were 
fabricated and 血e insertion characteristics were precisely evaluated in order to reduce both damages to neurons 
in the brain and the Si neural probe itself. Mechanical behaviors of the Si neural probe were obviously 
demonstrated during insertion into the brain phantom.百le results suggest that the minimum len併1 and 
pene回.tion force of the Si ne町al probe were determined 企om conditions where the Si neural probe began ω 
penetrate the surface of brain phantom. 百le s仕ength of more than 1.5 mN and probe len併loflonger 血an 380 
凹n were necessary for penetration surface of brain phantom at insertion rate 10 仰がs. In other to suppress 
buckling phenomena of the Si neural probe, it was required ωoptimize the insertion 叩eed accordingly with the 
insぽtion s匂tes. One possible method for avoiding both the probe buckling and damages to neurons w出 to
pe即位ate fast and then insert slowly. It was q田ntitatively clarified 出atboth small angled insertion and sharpened 
probe tip remarkably suppressed the buckling phenomena, leading ωthe minimally invasive probe insertion and 
less damages to neurons. By 由e way, deformation of the Si probe w出 caused by the large initial resistance for 
penetration and the deflection force during angled insertion. To prevent deformation of Si probe，組gled insertion 
is required for small insertion depths at shallow insertion and appropriate insertion speed is required for large 
insertion depths at deep insertion. 
In addition to mechanical behaviors of the brain phantom were obviously demons回tedduring Si neur叫 probe
insertion into the brain phantom with micro motion such 出 in vivo. The previous articles which used brain 
phantom have experimented at static s句te. However, in in vivo, the manlffialian brain has movement which 
caused by a blood vessel pressure fluctuations of each cardiac and respiratory cycle. This micro motion is the 
impo此ant experimental condition at microscopic studies such as the re∞rd the neuronal signal wi白 several
hundreds ofmicrometers size's Si neural probe. Therefore, 1 fabricated the micro motion generaωr which has the 
control function ofthe micro motion 企.equencyand the ampli加demicro motion vibration. At 由is experiment，白e
experiment conditions of the 1 Hz企.equency of vibration and 25 阿n amplitude of 企equency are used such as 
natural micro motion ofbrain in in vivo. 
At this result, Si ne町al probe with sharpened tip reached quickly in initial pene回tion. 百le deformation of the 
brain phantom is litle by the compression, which is occurred by the Si neurョ1 probe insertion, because the Si 
neurョ1 probe simply pene回t田 into the brain phantom by the sharpened tip. However, Si neural probe with 
normal tip slowly reached in initial penetration. The deformation of the brain phantom is 1紅ge by 也e
compression, which is occurred by the Si neural probe insertion. Because the Si neural probe do not simply 
penetrates into the brain phantom by the normal tip, and the pressed down brain phantom is 加ge.
In previous studies, 1 have been 位yingto record neurョ1 action potentials with various tip angle ofthe Si neural 
probe. However, by 血is result, tip's shape is important characteristics at in vivo neural recording experiment with 
Si neural probe. As the result of the experiment, it is clearly shows the moveme凶 ofthe brain phantom at insert 
experiment wi白 Si neural prove' norma1 tip 組dsharpened tip. From detailed analysis, it w部 clarified 血at above 
phenomena were caused by the brain deformation due to the probe insertion and by the micro motion of the brain. 
To prevent above phenomena, carefully designed sharpened tip of 出e Si probe is required and restoration time 
(i.e. s住.ess relieftime in the brain) during insertion is required and the Si probe should be fully implanted inside 
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社1e brain for elimination of micro motion effects. With these fmdings of this study，血e multifunctional Si neurョl
probe becomes versatile tools for brain science and neuronal engineering. 
Chapter 4 Fundamental study and development of Si neural probe with ion sensor 
Fundamental study and development of Si neural probe with ion sensor, it presents that fabricated ISFETs h出
appropriate size and enough sensitivity to use 白e Si neural probe in 出e deep brain. 
To understand brain, we have ωresearch the electric signal and chemical da匂 of 血e brain. 百1erefor we 
se1ected Si neural probe which is possible to record e1ec仕ic signal (action potential) and chemical data 
(neurotransmitter). At this chapter 4, it presents that others issue has the problem which has not yet fabricated for 
very high sensitivity in vivo and for multi sensing in vivo. Bio sensors are chip shape as usual which can't use at 
in vivo brain recording experiment. And to solve the problem, the solution of de叩 brain implanted sensing in 
vivo w;出 proposed. To realize 血is solution, the fundamental s加dy and development of neural probe with ion 
sensor were requested, at this chapter, 1 fabricated the ISFETs and evaluated the ISFETs. 
We evaluated bo仕1 elec佐ical and mechanical characteristics of the fabricated in vivo Si neぽal probe at 
pervious chaptβr and also measured the EIS・capacitors characteristics which wi1 be embedded in 仕1e Si neural 
probe. It w出 indicated 血at 由e bo出企'Ont・ and back-side recording sites of the probe have almost the same 
el即位ical characteristics. It w;部 also indicated that 血is Si double-sided 田町al probe was strong enough to 
pene回te the pia mater. In addition, we successfully recorded neuronal action potentials 企'Om the brain of 
Japanese macaque using fabricated Si double-sided ne凹叫 probe. As shown in measurement results of chemical 
characteristics, 1 can obtain various sens抗ivity on pH values with di宜erent insulators, which mean 血at 1 can 
fabricate the chemical sensors on 出e Si ne国司1 probe. To me出ure chemicals in the brain, 1 fabricated 
EIS-capacitors and ISFETs. And itis indicated that HtDx insulator has very high ゚mt and V th change is high at 
insulator thickness 50 nm les. As the evaluate resu1t, the sensitivity result of ISFET is 白atV，白 is 50 m V/pH at 
gate len凶15 阿nand width 100 凹n. It means the fabricated ISFET has enough sensitivity and enough small size 
to use 白e Si neural probe with micro fluidic/deep brain implant Si neurョ1 probe. However, this sensitivity of 
ISFET is not enough to measure the neurotransmitters. As this result，由is study becomes fundamental study of 
白e future work. 
百1e in vivo studies indicate that the double-sided Si neural probe can be 凶ed as a platform for the intelligen 
Chapter 5 Conclusion 
We proposed the intelligent Si neural probe. 百lÌs system h出 twosu句ects 白at are not yet c1eared. In this 曲目is，
1 searched solution of the subject which are low recording q凶lity ofbrain signal during implantation and unable 
tomeas町'e chemicals in the brain in in vivo. To solve these subjects, the following problems have to resolve. 
四e frst problem is 企ac同re and deformation of the Si probe duringlafter insertion and recording fluctuation, 
the second problem is the Si neural probe with chemical sensors h出 n叫 yet been fabricated for very high 
sensitivity in vivo for multi sensing in vivo. At the frst problem, in other to solve, 1 make the detailed 
investigation to have solution of problems that are 倉百C旬res of the Si probe during insertion, deformation of the 
Si probe duringla伽 insertion， recording signal fluctuation over time after insertion and unable recording 
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neuronal action potentials in some c節目.
At another of the problems, deformation of the Si neural probe, 1 clarified the deformation of the Si probe was 
caused by the large initial resistance for penetration and the deflection force during angled insertion. In order to 
suppress deformation of Si probe, angled insertion is e宜ective for shallow insertion, and appropriate insertion 
speed is also effective for deep insertion. On deformation of the brain, 1 clarified 血at recording signal fluctuation 
was caused by the brain deformation due to the probe insertion and by the micro motion of the brain. In order to 
suppress deformation of白e brain, the Si probe with care白lly designed sharpened tip is required, and restoration 
time (i.e. stress relieftime in the brain) during insertion is also required. By this result, it cleared that shape effect 
with micro motion during penetration and to need the cope with micro motion, there is the solution by implant. 
百le Si probe should be fully implanted inside the brain for elimination of micro motion effects. 
Next problems of development ofthe Si neural probe with ion sensor. 1 proposed 白e Si neural probe with ion 
sensor device. 1 fabricated the EIS capacitors having various insulators with various kinds thicknesses. 1 can 
obtain various sensitivity on pH values with fabricated EIS-capacitors. As 社1Ìs result, H幻'x insulator has very 
high ゚mt and V th change is high at insulator thickness 50 nm les. 1 also fabricated 白e small ISFET having SiN 
insulator and successfully measured pH sensitivities. In addition, the result is 白at Vth is 50m V /pH at gate length 
5 um and width 100 阿n. That means fabricated ISFET h出 enough sensitivity and size to use 血e Si neural probe 



























を明らかにした。また，脳埋め込み神経プロープに搭載可能な ISFET(Ion-Sensitive Field-Effect 
Transistor)を半導体微細加工技術を利用して作製し，評価を行った。その結果，作製した ISFET
は脳埋め込み神経プロープ搭載用として十分な感度とサイズを持っていることを明らかにした。こ
れは重要な成呆である。
第 5 章は結論である。
以上，要するに本論文は，高品質な信号記録かつ化学センシング可能な半導体神経プローブの実
現に寄与する重要な成果を述べたものである。これらは脳神経科学を大きく進展させる重要な成果
であり，医工学および神経工学の発展に寄与するところが少なくない。
よって，本論文は博士(医工学)の学位論文として合格と認める。
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